• BACKGROUND Nearly 50 million Americans have hypertension, and renovascular hypertension accounts for perhaps 1% of them.
H

YPERTENSION affects
nearly 50 million Americans and poses a tremendous public health problem as a risk factor for cardiovascular disease. Renovascular hypertension remains the most common form of potentially correctable hypertension. Advances in renal revascularization-improved surgical techniques, percutaneous renal angioplasty, and renal artery stenting-have generated renewed interest in the development of better noninvasive screening tests to identify patients who have potentially correctable hypertension or renal dysfunction caused by renal artery stenosis. Such screening tests have recently emerged, and others offer promise for the near future.
Recommendations for screening for renal artery stenosis have undergone considerable change in the past decade. 1 This review will focus on the clinical utility of the captopril plasma renin activity (PRA) test, captopril renography, duplex ultrasonography, and magnetic resonance angiography (MRA). 
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CLINICAL CLUES
Although renovascular hypertension may affect less than 1% of the unselected hypertensive population, it may account for up to 35% of appropriately screened patients referred to subspecialty centers because of refractory hypertension. Screening begins with a thorough medical history and physical examination to determine if the patient has a small, moderate, or great likelihood of having renovascular hypertension. 2 ' 3 Important clinical clues are summarized in Table 1 . Subsequent noninvasive screening tests have greater predictive value and are more cost-effective in patients who have a greater likelihood of having renovascular disease. In some patients who have clinical clues suggesting an extremely high likelihood of having renovascular disease, the clinician may elect to forego screening tests and proceed directly to renal angiography for definitive diagnosis. Alternatively, a highly specific screening test may help exclude renovascular hypertension in low-risk patients and may thereby obviate a further invasive evaluation.
PATHOPHYSIOLOGY OF RENOVASCULAR HYPERTENSION
Renal artery stenosis is generally caused by either atherosclerosis or fibromuscular dysplasia. Atherosclerosis accounts for nearly two thirds of cases of renal artery stenosis, and atherosclerotic renal artery disease may be recognized incidentally during angiography performed to evaluate an abdominal aortic aneurysm or femoral arterial occlusion. In one such series, nearly 40% of patients had renal artery stenosis of greater than 50%, and 15% to 20% had a greater than 75% stenosis.
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It is important to distinguish between true renovascular hypertension and renal artery stenosis alone. Although renal artery stenosis is common, true renovascular hypertension may be much less frequent. Renovascular hypertension is defined as high blood pressure caused by renal hypoperfusion, usually due to renal artery stenosis and activation of the renin-angiotensin-aldosterone system. The hallmark of renovascular hypertension is the overproduction of renin by an ischemic kidney, resulting in high blood pressure due to increased total peripheral resistance (mediated by angiotensin II) and sodium retention (mediated by aldosterone). 4, 5 Understanding the renin-angiotensin-aldosterone cascade and the effects of angiotensin-converting enzyme (ACE) inhibition on it is necessary to understand the provocative captopril screening tests. 6 Captopril, an ACE inhibitor, prevents the conversion of angiotensin I to angiotensin II, blocking both the vasoconstrictor and aldosteronestimulating effects of angiotensin II. The captopril PRA test, originally described by Mueller and colleagues, 7 assesses the magnitude of the hyperreninemic response to ACE inhibition. Effective blockade of angiotensin II generation may have measurable effects on systemic blood pressure, intrarenal blood flow, and renal function; the latter effects form the pathophysiologic basis of captopril renography. 8 Reduced renal perfusion due to renal artery stenosis causes preferential postglomerular vasoconstriction (mediated by angiotensin II), which helps maintain the glomerular filtration rate (GFR) CLEVELAND CLINIC JOURNAL OF MEDICINE 33 1 of the stenotic kidney. Captopril reduces postglomerular resistance and decreases the GFR in the stenotic kidney. In contrast, the contralateral, normal kidney exhibits an increase in GFR, urine flow, and salt excretion despite a reduction in systemic blood pressure in response to captopril. This asymmetric response of renal function, which can be detected by renography, has helped to improve the noninvasive diagnosis of renal artery stenosis. 9
NONINVASIVE SCREENING TESTS
The recommendations for screening hypertensive patients suspected of having renovascular hypertension have undergone considerable change in the last several years. 1 In the past, intravenous pyelography and renography with iodine-131-orthoiodohippurate (OIH) were used to search for a small, underperfused kidney. Intravenous pyelography is now used infrequently because of the radiation dose and the potential nephrotoxic effects of the contrast material. Both intravenous pyelography and OIH renography suffer from suboptimal sensitivity and specificity ( Table 2) .
The captopril provocation tests have considerably greater diagnostic accuracy and are the subject of several recent reviews. 1 " 3,8 Doppler flow studies of the renal arteries have evolved and may be an effective screening tool in many centers. In the near future, MRA may also emerge as a clinically useful tool for identifying renovascular hypertension. A brief synopsis of the methods, results, and limitations of these tests follows.
Routine testing for PRA in hypertensive patients is insensitive because only 50% to 80% of patients with renovascular hypertension have increased PRA. 1 Conversely, 15% of all patients with essential hypertension (a very common problem) also have increased PRA. Therefore, the test's lack of specificity was a cause for clinical concern.
Provocative captopril administration has added to the clinical utility of PRA testing. In a retrospective series, Mueller and colleagues 7 originally demonstrated that patients with renovascular hypertension have a dramatic increase in PRA after taking captopril, whereas patients with essential hypertension have little response. Other investigators subsequently used similar clinical protocols in prospective studies and found the test has acceptable sensitivity and specificity, with some exceptions ( Table 3) . 7 ' 10 " 17 Patient preparation for the test is vital. Ideally, patients should discontinue their antihypertensive medications, maintain a diet adequate in salt, and have good renal function. Baseline measurements of blood pressure and PRA are obtained before and 1 hour after a captopril challenge (25 to 50 mg orally).
The captopril PRA test is relatively safe and inexpensive and can be performed in an outpatient or office setting. It can also be performed simultaneously with captopril renography. The most important limitations of the test are that it does not provide information about renal artery anatomy or individual kidney involvement or function. In addition, sensitivity and specificity may suffer in patients who have compromised renal function or who cannot discontinue their antihypertensive medications.
CAPTOPRIL RENOGRAPHY
Over three decades ago, considerable enthusiasm accompanied the development of radioisotopic renography for the noninvasive diagnosis of renal artery stenosis. Unfortunately, OIH renography per-
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CLEVELAND CLINIC JOURNAL OF MEDICINE VOLUME 61 • NUMRF.R i formed no better than intravenous pyelography ( Table 2 ). The utility of renography has been enhanced by combining it with the pharmacologic challenge of ACE inhibition with captopril. As reviewed earlier, effective blockade of the renin-angiotensin-aldosterone system causes the GFR of the stenotic kidney to decrease, and one can measure this effect noninvasively with renography. 18 Several small anecdotal series have led to larger clinical studies of captopril renography that are now available for critical review. We offer the following recommendations, based on the observations of the International Consensus Committee on Captopril Renography and subsequent pivotal studies, regarding how to prepare the patient, select the radionuclide, and interpret the results. 19 " 21 Patients undergoing captopril renography should be well hydrated and ingest an unrestricted salt diet, but they do not need to discontinue their antihypertensive medications before the study, except for ACE inhibitors. After the baseline blood pressure is measured, captopril (25 to 50 mg by mouth, crushed) is administered and a renogram is obtained using either technetium-99m-diethylenetriaminepenta-acetic acid (Tc-DTPA), technetium-99m-mercaptoacetyltriglycine (Tc-MAG3), or OIH.
To date, most studies have reported successful results with Tc-DTPA, though other investigators report equally good results with OIH ( Table 4) . 15 ' 17 ' 22 " 28 Tc-MAG3 may become the radionuclide of choice because it offers the advantageous labeling characteristics of technetium and optimal renal handling and excretion; it has given promising results in the work of Dondi et al 28 and in a subset of patients in the European Multicenter Cysto Renography trial. 27 Scintigrams and time-activity curves should both be analyzed to assess renal perfusion, function, and size. 21 If the captopril renogram is abnormal, another renogram may be obtained without captopril for the sake of comparison. The diagnosis of renal artery stenosis is based on asymmetry of renal size and function and on specific captopril-induced changes in the renogram, including: (1) delayed time to maximal activity (>11 minutes); (2) significant asymmetry of the peak activity of each kidney; (3) marked cortical retention of the radionuclide; and (4) marked reduction in the calculated GFR of the ipsilateral kidney (Figure 1) .
One must interpret the clinical and renographic data with some caution, as the protocols are complex and the diagnostic criteria are not well stand- ardized. 18 Table 4 summarizes the studies of captopril renography in hypertensive patients suspected of having renovascular hypertension. Overall, the accuracy of captopril renography appears quite acceptable, with a sensitivity of approximately 90% to 93% (range 83% to 94%) and a specificity of approximately 93% to 98% (range 85% to 100%).
The most useful diagnostic criteria appear to be reduced uptake of the radionuclide and prolonged time to maximal activity (ie, delayed excretion) after captopril is given. Although captopril-induced changes were originally postulated as the hallmark of hemodynamically significant renal artery stenosis, Mann et al 26 observed such changes in only 51% of their cases. These changes alone were not sensitive, but they were quite specific. Review of several additional studies reveals that the changes often predict cure or improvement of hypertension in response to a technically successful intervention. Nevertheless, most investigators believe that a single captoprilstimulated study is adequate for screening. The limitation of captopril renography is that it does not provide information about renal artery anatomy. Also, sensitivity and specificity may suffer in patients with azotemia (serum creatinine concentration >3.0 mg/dL) or bilateral renal artery stenosis.
DUPLEX ULTRASONOGRAPHY
Duplex ultrasonography combines direct visualization of the renal artery (B-mode imaging) with measurement of the velocity of blood flow (Doppler), thereby providing an anatomic assessment of the degree of stenosis, and a functional assessment as well. 29 The kidney size is also measured during the examination.
Unlike other noninvasive screening tests (PRA with or without captopril, captopril renography), duplex ultrasonography does not require patients to discontinue any antihypertensive medications before the test. In addition, the sensitivity and specificity of duplex ultrasonography do not diminish in the presence of bilateral renal artery stenosis or sig- The study should be performed while the patient is fasting, preferably in the morning to avoid excess bowel gas. It is important to correctly identify and visualize the renal arteries by B-mode imaging. High-definition ultrasonographic equipment and the use of color are helpful in this regard. B-mode imaging cannot directly visualize stenosis or plaque in an artery, even with the most advanced technology available. Adding to the difficulty, the renal arteries are located deep within the abdomen. Rather, the purpose of B-mode imaging is to determine if turbulence is present in the arterial segment and to indicate the correct area to place the Doppler probe so that the velocity of blood flow may be measured (Figure 2 ).
Once the renal arteries are identified, the Doppler signature is taken at a 60° angle. As an arterial segment narrows, the velocity of blood flow increases ( Figure 3) . Therefore, if the Doppler sample is taken in the correct area, one can accurately estimate the degree of renal artery stenosis from the Doppler measurement of blood flow ( Table 5) .
Duplex ultrasonography of the renal arteries is technically demanding and difficult to learn; therefore, the results are operator-dependent and may vary considerably among different vascular labora-
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CLEVELAND CLINIC JOURNAL OF MEDICINE VOLUME 61 • NUMRF.R i tories. If adequate time is allowed for a complete examination (approximately 1 hour) and the ultrasonographer follows a preset routine in every patient, the sensitivity and specificity are extremely high. The three most common reasons for technical failure are excess bowel gas, obesity, and the presence of accessory renal arteries, which may be extremely difficult to detect.
Currently, one can determine if a patient has less than 60% stenosis of the renal artery, between 60% and 99% stenosis, or total occlusion. Our laboratory and others are developing techniques to further subdivide the category of 60% to 99% stenosis; the most common method uses the renal-aortic ratio ( Figures   4 and 5) . 
Accuracy of duplex ultrasonography of the renal arteries
Many of the small, early studies of duplex ultrasonography demonstrated sensitivities and specificities of greater than 90%. 30, 31 Hansen and colleagues' 2 performed duplex ultrasonography in 74 consecutive patients (148 kidneys) and reported excellent sensitivity and specificity (Table 6 ): duplex ultrasonography correctly identified 41 (93%) of 44 patients who had angiographically proven renal artery stenosis.
In addition, duplex ultrasonography is useful for following up patients after surgical revascularization,"' 4 percutaneous transluminal angioplasty, or stent placement, and for documenting the natural history of renal artery stenosis.' 1 One can use it as a screening test to detect transplant renal artery stenosis,' 6 or to effectively assess the patency of the celiac artery, which may be important in a candidate for splenorenal or hepatorenal bypass surgery.'' In summary, duplex ultrasonography is an excellent screening test for the presence of significant renal artery stenosis. However, each vascular labora-F1GURE 3. Doppler signature from the same patient as in Figure 2 showing markedly increased peak systolic velocities, in excess of 400 cm/second. This indicates 60% to 99% stenosis of the renal artery. Note that the end-diastolic velocity is also increased (240 cm/second) and broadened.
tory must validate its results against the gold standard-arteriography. Duplex ultrasonography is noninvasive, requires no contrast media, and is an ideal and the left renal artery, which is stenotic (black arrow). Doppler scans (bottom) measure the corresponding peak systolic velocities. The peak systolic velocity in the left renal artery was 400 cm/second, and the peak systolic velocity in the aorta was 75 cm/second. Therefore, the renal-aortic ratio was 5. 
MAGNETIC RESONANCE ANGIOGRAPHY
MRA was first described in the early 1980s, when investigators reported the ability to image flowing blood thanks to a "flow void" phenomenon. 38 
Accuracy of magnetic resonance angiography
Selected recent series suggest that the accuracy of MRA in detecting renal artery stenosis equals that of other commonly available screening tests. Kim et al 40 found a sensitivity of 100% and a specificity of 92% in distinguishing renal arteries narrowed more than 50% from normal vessels or those with mild stenosis. 40 Debatin et al 41 found that by analyzing both axial and coronal images, they could achieve a sensitivity of 87% and a specificity of 97%. In a series of 37 patients, Kent et al 42 found that MRA detected stenoses of the renal artery of greater than 50% with a sensitivity of 100% and a specificity of 94%.
In our experience, MRA is 90% to 95% accurate in detecting a renal artery stenosis of greater than 75%. Figure 5 depicts the correlation between a conventional angiogram and a magnetic resonance angiogram.
Advantages of MRA
Like other screening tests, MRA is noninvasive and avoids the potential complications associated with conventional angiography. It does not use ionizing radiation or radioactive or nephrotoxic contract agents, and it is safe for azotemic patients. Unlike duplex ultrasonography, it is not hindered by excessive bowel gas or obesity. The examination can be performed in only 30 minutes, and no patient preparation is required. The quality of the images is not as operator-dependent as in duplex ultrasonography. Both renal arterial and parenchymal anatomy are well demonstrated. It is not uncommon for MRA to show an unexpected pathologic lesion such as an adrenal mass or an aortic aneurysm.
In the future, new technology will allow for the determination of flow velocity and pressure gradients across stenoses. 43 Magnetic resonance contrast agents and spectroscopy will provide information about perfusion and physiology. Spiral computed tomographic scanning already provides excellent three-dimensional images of the renal and mesenteric circulations. However, large amounts of intravenous contrast media are required, thus limiting its utility in patients with azotemia. 44 MRA may be useful in the evaluation of renal artery stenosis in transplant recipients and donors. Our experience in evaluating potential kidney donors suggests that MRA will eventually obviate the need for conventional angiography in these patients.
Disadvantages of MRA
The accuracy of MRA in detecting renal artery stenosis decreases along the length of the artery from the origin toward the renal hilus. However, faster imaging techniques are resolving this problem. Because of the strong magnetic field, patients with pacemakers cannot be studied. Some breath-holding is required, which may compromise the examination in tachypneic states. Metallic objects such as surgical clips can cause artifacts. Finally, a small number of patients are troubled by claustrophobia within the limited space of the core of the magnet.
SUMMARY
One can detect significant renal artery stenosis through a thorough medical history and examination coupled with an effective noninvasive screening test. Captopril-stimulated renography and duplex ultrasonography of the renal arteries have evolved and can be recommended as clinically useful screening tools. However, these tests must be validated within each institution because their performance and interpretation may be partially operator-dependent. In the future, MRA of the renal arteries may emerge as an effective clinical test. Accurate detection of hemodynamically significant renal artery stenosis, followed by judicious intervention, may result in improved blood pressure control and preservation of renal function.
